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GENERAL INTRODUCTION
The two major components of the e x tr a c e llu la r  phase 
of h ya line  c a r t i la g e  ( e .g .  bovine nasal ca r t i la g e )  are 
collagen  and a complex of sulphated glycosarainoglycans 
and non-collagenous p rote in s  ca lled  proteoglycans. The 
term proteoglycan r e fe r s  to a macromolecule in which one 
or more polysaccharide chains are cova len tly  bound to one 
or more protein  chains, the carbohydrate moiety being the  
dominant feature of the macromolecule.
There are four c a r t i la g e  glycosaminoglycans, chondroitin  
4 - sulphate, chondroitin 6 - sulphate, keratan sulphate and 
hyaluronic ac id . The structure of the repeating u n its  of 
these  components i s  shown in  P ig, 1, and th e ir  chemistry 
i s  w ell documented. (Jeanloz 1963; Brimacombe and 
Webber, 1964; Muir, 1964; Bhavanandan and Meyer, 1966, 
1967).
Protein-polysaccharide can read ily  be obtained from 
hyaline c a r t i la g e  by high-speed homogenisation in water 
(Malawista and Schubert, 19ÔB). I t  can then be separated, 
by cen tr ifu gation  (Gerber, Franklin and Schubert, 1960),
in to  two fra c t io n s:  a l i ^ i t  fraction  (proteoglycan) and
z
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(a) Chondroitin 4 - sulphate(b) Chondroitin 6 -sulphate(c) Keratan sulphate(d) Hyaluronic acid
3T A B L E  1
ANALYSIS OF PROTEWLYGAN ISOLATED 
EBQM.BOVINE NASAL CARTILAGE 
(Luacoaibe and Phelps 1967a)
Hexuronic acid  (as K s a l t )  30.0
N-acetylgalactosam ine 2 3 .7
N-aoetyigiucosamine 2 .9
Biuret 19 .8Protein Folin-Phenol 14 .7
Galactose 4 .4
Fucose 0 .25
Glucose 0 .17
Mannose 0 .36
Xylose 0.41
S ia l i c  acid 0 .14
Sulphur (as KSOg) 16 .6
4a heavy fraction  (collagen-proteoglycan complex, Schubert 
1965). The proteoglycan bound to  collagen in the heavy 
fraction  could be id en tic a l to that contained in the l i ^ t  
fra c t io n , a lth o u ^  th is  problem has not y e t  been resolved. 
Table 1 shows a ty p ica l an a lysis  of proteoglycan ( l i ^ t  
fra ctio n ) p u rified  by cetylpyridinium  chloride p rec ip ita t io n  
from bovine nasal c a r t i la g e .
I t  i s  evident from the a n a ly tica l data that chondroitin  
sulphate i s  the major glycosaminoglycan component although 
the glucosamine, neutral sugar and s i a l i c  acid contents  
show that both keratan sulphate and g lycoproteins are present  
and these account for approximately 14^ of the to ta l  
carbohydrate,
In 1956, Webber and Bayley estimated the molecular 
weight of calcium ch loride-extracted  chondromucoprotein to 
be 1 X 10^ by using sedimentation u ltracentrafugation  and 
viscometry techniques. The model they proposed for  the 
complex was that of a random c o i l  co n s is t in g  of 20 chond­
r o i t in  sulphate m olecules, of molecular weight approximately
4 X 10^’  ^ linked end to end by polypeptide chains (Pig. 2 ).
The random c o i l  conformation was confirmed by Bernard!
(1957 a ,b ) , but the molecular weight of h is  preparation 
was 1 .98  X 10^. However, Mathews and L ozaityte (1958)
FIGURE 2
Model proposed by V/ebber and Bay 1 ey (1956)
(a) protein (b) chondroitin sulphate
FIGURE 3
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Model proposed by Mathews and Lozaityte (1958)
FIGUES 4
Model proposed by P a r tr ^ g e ,  Davis & Adair, (1961). The heavy l in e  represents the protein core carrying at l e a s t  ?3 chondroitin sulphate chains. These are connected by a s in g le  linkage which does not involve the terminal reducing residue (indicated  by arrowheads). The c i r c le  represents  a second polysaccharide material which i s  rich in ga lactose  and glucosamine.
FIGURE: 5
Model proposed by Meyer (1970)
obtained data from i ig b t - s c a t te r in g  and viscometry in d ica tin g  
a rod"like macromolecule of molecular weigjht 4 x  10^.
The authors proposed a comb"like model in which the protein
0moiety was v isu a lise d  as a core, 3 700 A long, with 62
chondroitin sulphate chains uniformly d istr ib u ted  along i t .
(Pig. 3 ) .  Confirmation of th is  'continuous protein core
hypothesis' was given by Cessi and Bernard! (1965) through
studying the k in e t ic s  of degradation of proteoglycan using
hyaluronidase and papain. They found that hyaluronidase
did not cause a large drop in the molecular w e i^ t  of the
proteoglycan, as did papain, thus disproving an 'end-to-end’
model. Partridge, Davis and Adair (1961) suggested that
the proteoglycan, in f a c t ,  consisted  of smaller u n its  of
5molecular w e i ^ t  7 ,5  x lO'" and that each u n it  was made up 
of a protein core, of molecular w ei^ it 120 (XX), carrying  
23 chondroitin sulphate chains, each with a molecular weight 
of 28 000. (P ig . 4 ) .
S e r a f in i - F r a c a s s in i  and Smith (1966) t r e a t e d  proteo­
glycan with bismuth n i t r a t e  in acetone and examined the  
p r e c i p i t a t e  by e le c t ro n  microscopy. They found beaded
s t ra n d s  1 100 & to  1 500 A long, composed of 20-25 p a r t i c l e s
0with an average diameter of 30 A. Each row was in te rp re teo .
BT A B L E  2
Prot e 0- Protein  glycap Core .X 10^ X 10^
Chond­r o i t in  Nos. of Sulphate .P o lysacc .  Chain X 10 Chains Protein  by wt.
( i ) Mathews & L ozaityte  (1958)' 40 90 5 62 23
( i ) Buddecke, e t  a i (1963) 5 .5 2 16
( i i ) Marier & Davidson (1965)
0 .75  
o’! 9 1 .06 1 .3 5-6 9 .8
( i ) Cesai &Bernardi(1965) 2 .2 2 14.1
( i ) Ueyer(1966) 7 .5s lo 3-8 1 .8 40 7.5
( i ) Partridge  e t  a l (1961) 7 .5 12 2 .8 23 16
( i ) Partridge(1966) 2 .4 1 .6 2 .8 8-9 6 .8
( i ) Luscoaibe &Phelps(1967)
5 .4
6~7 12-14 2.1 20- 25 20
( i i i ) Muir & Jacobs (1967) 2 .3
0 .4
0 .5 2
( i ) Serafin i-  Pracasaini e t  a l (1967) 6 ,3 8 .9
2.2
2 .8 20-2.4 14,.L
( i )  f o r  bovine nasa l  c a r t i l a g e  ( i i )  f o r  porcine  c o s ta l  c a r t i l a g e  ( i i i )  f o r  porcine laryngeal ca r t i la g e
9as being a proteoglycan and i t  was considered that each 
p a r t ic le  represented an individual chondroitin sulphate 
chain, in co iled  conforrration, and the in terv a ls  between 
the p a r t ic le s  represented the unstained protein  core.
These dimensions are very s im ilar to those proposed by 
Partridge, Davis and Adair (1961). They a lso  are in  
keeping with data derived by Mathews and L ozaityte (1958), 
e sp e c ia l ly  with resp ect to the diameter of the molecule 
and the d istance between the chondroitin sulphate chains, 
but there i s  disagreement concerning the length of the 
macromolecule. However, one of the preparations of
Mathews and L ozaityte (1958) had a molecular w e i ^ t ,  from
6 ol ig h t  sca tter in g , of 1 .7  x 10 and a length of 2 900 A,
ca lcu la ted  from root-mean square radius of gyration.
In a polydisperse system of rods, such as they were 
examining, the s iz e  of the molecular sp ec ies  under observ­
ation  i s  larger than the z-average. (Ehrlich and Doty, 1954) 
Thus i t  i s  l ik e ly  that the number-average i s  c lo ser  to that  
indicated by Serafin i-PracaB sin i and Smith (1966),
Some molecular weights for ca r t i la g e  proteoglycans 
and th e ir  components are shown in Table 2.
I t  can be seen that there are large varia tion s in 
both the molecular weights and in the protein to
10
polysaccharide r a t io s .  Mathews & L ozaityte (1958) pointed
out that chondroitin sulphate-protein  molecules may form
7aggregates with molecular w ei^ its  up to 5 x 10 by la te r a l  
and end to end a sso c ia t io n  in which additional non- 
collagenous protein or ions might p a rtic ip a te ;  while  
Meyer (1966) suggested that complexes, of above 1 x 10^ 
molecular weight and high protein contents ( l7^) could be 
b u il t  up of smaller complexes bridged by basic proteins.  
This hypothesis i s  supported by several observations. 
F ir s t ly  Hoffman, Mashbum, Meyer & Bray (1967 ), using  
preparative e lec tro p h o res is , were able to separate the 
proteoglycan of bovine nasal ca r t i la g e  in to  a range of 
fra ct io n s  containing from 2 .5  to 35.5^ protein . Also 
Partridge, Whiting % Davis (1965) p u rified  a crude proteo­
glycan preparation (29^ protein) on DEAE-cellulose and 
obtained a chondroitin su lphate-free protein , which bad an 
amino acid composition sim ilar to that of the or ig in a l
Icomplex, and a proteoglycan of molecular weight 2 .4  x 10 
(Partridge, 1966) containing 7.5^ protein . Sim ilarly  
S e r a f in i-F r a c a ss in i , Peters & Floreani (1967) found that  
p rec ip ita t io n  of proteoglycan with bismuth n itr a te  in 
acetone reduced the protein content from 18 .6  to  14.1^,
5
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while cetylpyridinium  chloride p rec ip ita t io n  was found to 
give  an intermediate value of 16^. Again, l i t t l e  change 
was observed in the ojnino acid  composition on p u r if ic a t io n .
At the other extreme i s  the proteoglycan extracted  
from pig  laryngeal ca r t i la g e  by Muir Jacobs (1967). This 
had a protein content of only 2%, of which over h a lf  the 
amino acids were e ith er  serine or g ly c in e , and a weight- 
average molecular weight of 230 000,
P oss ib le  explanations for  the heterogeneity  encountered 
in proteoglycans are varia tion s  in the number, s iz e  or 
co n stitu tio n  of carbohydrate chains, in the s iz e  of the 
protein  core, and i t s  amino acid composition, in the type 
of linkage between polysaccharide and protein , or combinations 
of th ese . Hoffman e t  g i (1967) consider that the protein  
core, In the case of nasal and costa l ca r t i la g e  proteoglycan, 
can have a variab le  number of polysaccharide chains attached  
to i t  and they do not consider that variation  in carbohydrate 
chain length i s  a probable fa c to r . However, chondroitin  
sulphates iso la ted  from other t is s u e s  have shown varia tion s  
in molecular w a i s t s  of 29 000 - 42 000 (horse nasal)
(Szirm ai, van Bov en- de Tyssonsk & G arden, 1967) and
14 500 ° 25 000 (dog epiphyseal) (H jertquist h V ejlens, 1966).
1 2
Heterogeneity of the glycosaminoglycan chains of dermatan 
sulphate was f i r s t  reported in 1956, when Hoffman, Linker &
Meyer (1956, 1957) showed the presence of both iduronic and
gj.ucuronic acids in fra c t io n s  iso la te d  from pigskin and 
b u llh id e , but there have been no reports of d iscrepancies  
in the normal disaccharide repeating patterns of chondroitin  
4"sulphate and chondroitin 6 - sulphate, the major g ly co s­
aminoglycan co n stitu en ts  of hyaline c a r t i la g e .  The fourth  
p o s s ib i l i t y  i s  a varia tion  in the length of the protein  
chain and i t  can be seen from Table 2 that there appears to 
be some evidence for  t h is ,  although some of the molecular 
weigVits are ca lcu la ted  and some determinations may represent 
m ultip les of a smaller u n it  through aggregation.
Protein heterogeneity  i s  a lso  suggested by the r e su lts  
of amino end-group a n a ly s is ,  carried out by Seraf in i-
P r a c a ss in i , Peters & Floreani (1967) on bovine nasal
proteoglycan, where s ix  d i f f e r ent d - DNP d er iva tives  were 
found. This was interpreted to mean that the protein ' core' 
could be made up of peptide ’ su b -u n its ' ,  the sequential 
arrangement of which was not s t r i c t l y  determined. Further 
evidence for th is  theory was supplied when S era fin i-F racass in i  
(1968) found 4 amino-end groups in proteoglycan degraded by
13
acid^acetone treatment. An a ltern a tiv e  explanation m i^ t  
be that there i s  more than one type of protein . The 
proteoglycan of Muir & Jacobs (1967) appeared to be a 
s in g le  antigen which cros#-reacted with the proteoglycans  
from other sp e c ie s ,  but a number of sp ec ies  s p e c if ic  antigens  
was found in the remainder of the extracted protein- 
polysaccharide, s u ^ e s t in g  that i t  contained several 
components. (Loewi & Muir, 1965). However, recent  
ifomunologic stud ies  support the view that ca r t i la g e  contains  
a family of d iss im ila r  but related  proteoglycans (Tsiganos 
& Muir, 1969 a ,b) and in fa c t  ca r t i la g e  proteoglycan may be 
separated into a large number of fra c t io n s  which vary in 
amino acid composition and with regard to the r e la t iv e  
propoi’t io n s  of chondroitin sulphate and keratan sulphate  
(Schubert & Hamerman, 1968; Tsiganos & Muir, 1970;
Hoffman & Mashbum, 1970).
Another type of heterogeneity  e x is t s  in glycosaraino­
glycans and has been ca lled  V a r ia b il ity  by Meyer (1970),
This involves d ifferen ces  in the number and sequence of 
exo groups, such as s i a l y l ,  fucosyl and sulphate (Mathews, 
1967).
14
The main protein-glycosaminoglycan linkage of both 
chondroitin 4 - sulphate and chondroitin 6 - sulphate apparently  
contains the se r y l-x y lo sy l-d ig a la c to sy l  grouping (Lindahl & 
Roden, 1966; B e lt in g  & Roden, 1968). However, some  ^
heterogeneity  of the linkage does e x i s t ,  as Katsura &
Davidson (1966) reported that one out of f iv e  chains of 
chondroitin 4 - sulphate of p ig  co sta l c a r t i la g e  was linked  
via  an N-glycosylamine bond to the ^-carboxyl group of  
glutamate.
In keratan sulphate a high degree of heterogeneity  and 
variation  has been demonstrated. This i s  read ily  evident 
from the d ifferen ces  in a lk a l i  s t a b i l i t y  and chemical 
composition between keratan sulphate I ,  from cornea, and 
keratan sulphate I I ,  from c a r t i la g e  (see  Seno, Meyer,
Anderson & Hoffman, 1965). Keratan sulphate I i s  a lk a l i  
s ta b le  and apparently linked via N-glucosaminyl bonds, while  
keratan sulphate II i s  a lk a l i  la b i le  and linked via  
0 -g ly co sy l bonds between N-acetylgalactosamine and serine  
or threonine. I t  i s  proposed that the N-acetylgalactosamine  
group i s  substitu ted  a t carbon 3 by an unknown substituent  
and that i t  i s  linked through carbon 6 to the r e s t  of the 
carbohydrate chain (Bray, Lieberman & Meyer, 1967).
15
Patridga, Davis & Adair (1961) and Partridge & Eladen 
(1961) f i r s t  suggested that keratan sulphate II was linked  
to  the same protein  core as chondroitin sulphate. Although 
Gregory & Van Lenten (1964) subjected hyaluronidase-degraded  
proteoglycan to countercurrent fraction ation  and resolved  
two components, degraded chondroitin sulphate-protein  and 
undegraded keratan sulphate, apparently attached to a 
separate protein  core, i t  appears that the current view may 
b est  be summarised as fo llow s: chondroitin sulphate
proteoglycans do e x i s t  which contain no keratan sulphate 
( e .g .  Muir & Jacobs, 1967) but keratan sulphate always occurs 
together with chondroitin sulphate, although the proportion  
o f  keratan sulphate may sometimes be quite high (P ed r in i ,1 9 6 9 ) .  
The most d ir e c t  evidence f o r  th is  re la tio n sh ip  came from 
Seno, Meyer, Anderson & Hoffman in 1965. They demonstrated 
t h a t  a "doublet" fr a c t io n , which had been i s o la t e d  a f t e r  
p r o t e o l y t i c  d igestion  and contained both ch ondro i t in  and 
k e ra tan  su lp h a te s ,  m igrated  as a s in g le  substance in  
e l e c t r o p h o r e s i s ,  but t h a t  cleavage of the carbohydrato-protein  
bonds, by t r ea tm en t  with a l k a l i ,  subsequently  perm itted  
s e p a ra t io n  of the  two polysaccharides. They a lso  showed 
that the chondroitin sulphate was e x c lu s iv e ly  chondroitin  
S' su lphate .
16
A model, has been proposed by Meyer (1970), for the 
structure of a proteoglycan containing chondroitin 6 - sulphate 
and keratan sulphate II (F ig. 5 ) . I t  c o n s is ts  of a double 
stranded protein backbone with chondroitin 6 - sulphate and 
keratan sulphate IT chains s ta r t in g  from e ith er  strand.
The two strands are crosslinked by keratan sulphate II 
through another protein-carbohydrate link  which i s  a lk a li  
stab le  (Bray, Lieberman & Meyer, 1967). Another view on 
the structure of proteoglycans i s  that of S erafin i-F racass in i  
(1968). The author proposes a basic  molecular u n it  which 
i s  composed of three 33 000 molecular weight sub-un its , 
each of which c o n s is ts  of a polypeptide core and two 
polysaccharide chains. These u n its  are linked together  
in an end-to-end arrangement, Keratan sulphate II i s  
attached to a separate protein backbone in th is  model.
As mentioned prev iously , in b r ie f ,  one of the factors  
in the heterogeneity  of proteoglycans i s  varia tions in the 
s iz e  of polysaccharide ch a in s , i . e .  polysaccharide  
p o ly d isp ers ity , A further examination of th is  factor  Is  
necessary^ e sp e c ia l ly  considering d if feren t  methods of 
extraction . Molecular weight determinations of chondroitui 
4 - sulphate from various sources have u su a lly  indicated a
17
moderate degree of p o ly d isp e r s ity , a lth o u ^  there have been 
reports of preparations having f a ir ly  narrow molecular 
weight d is tr ib u tio n  ranges. For example, Mathews (1953) 
showed that material could be extracted from bovine nasal 
ca r t i la g e  that had a weight-average molecular weight of 
50 000 and a number-average molecular w e i ^ t  of 40 000. 
Considering the re la ,t ive ly  c lo se  agreement between these  
f ig u r e s ,  i t  was concluded that the degree of p o lyd isp ersity  
was s l ig h t .  However, th is  glycosaminoglycan had been 
iso la te d  fo llow ing  d igestion  by trypsin  and chymotrypsin, 
which IS now known to g ive  two polysaccharide chains attached  
to the same peptide (Seno, Meyer, Anderson k  Hoffm n, 1965; 
Luscombe & Phelps, 1967 b; Rosenblurn k  O i f o n e l l i , 1967; 
Mathews, 1968), A lso, Marier and Davidson (1965) treated  
proteoglycan, from porcine co s ta l c a r t i la g e ,  with a lk a l i  
and obtained a chondroitin sulphate preparation which had 
a weight-average molecular weight of 14 300 and a number- 
average molecular weight of 13 700, in d ica tin g  an e s s e n t ia l ly  
monodisparse compound.
The fa c t  that d if fe r e n t  preparations of proteoglycans  
or polysaccharides may exh ib it  large varia tion s  in th e ir  
parameters, although prepared by sim ilar methods, has been
IB
recognised fo r  a long  time (see E l i a s  & P a t a t ,  I960).
There a re  fou r  p o s s ib le  f a c t o r s  which might account fo r  
t h i s  dur ing  the  i s o l a t i o n  procedures
(a) cleavage of g ly c o s id ic  bonds by h e a t
(b) degrada t ion  by a sco rb a te ,  cy s te in e  or o the r  
reducing  substances
(c) '^nechanical’* depolymerisat ion  due to  the  use  
of h igh-speed homogenisers du r in g  e x t ra c t io n
(d) the  a c t io n  of lysosomal enzymes.
One e f f e c t iv e  and commonly used method f o r  t i s s u e  
s o l u b i l i s a t i o n  ( S c o t t , i960) involves  d ig e s t io n  with papain 
in the  presence of c y s te in e  and e thylanediam ine t e t r a c e t i c  
ac id  a t  65 - 70^0. Under these  c o n d i t io n s ,  hyaluron ic  
a c id  i s  d e f i n i t e l y  depolymerised (Blumberg & Ogstori, 1957, 
1958; Balazs & Sunblad, 1959; Ogston & Sherman, 1959).
The p ropor t ion  of bonds t h a t  a r e  broken i s  sm all ,  b u t  even 
8 0  the  molecular weight drops d ra m a t ic a l ly .  Recently ,  
Ssgdara & H asca ll  (1969) compared products  obta ined a f t e r  
h igh-speed  homogenisation of c a r t i l a g e ,  with those obtained 
by the  presumably g e n t l e r  method of prolonged e x t r a c t io n  
with  4M. guanidinium ch lo r id e  or 3M.magnesium c h lo r id e .
The au thors  showed th a t  the  former method produced m a te r ia l
19
which was n o t ic e a b ly  degraded. However, no d e f i n i t e  
conclusion can be reached and a more thorough ©valuation 
of p r e p a ra t iv e  procedures i s  ev iden t ly  needed in o rder  to 
d i s t in g u is h  between a r t i f a c t s  a r i s i n g  as a r e s u l t  of 
degrada t ion  during  i s o l a t i o n  and the  t r u e  h e te ro g en e i ty  
of the pro teoglycans  in t h e i r  n a t iv e  s t a t e .
The a c t io n  of lysosomal enzymes during  c e r t a in  
e x t r a c t io n  procedures  i s  another  way in which the  n a t iv e  
molecule may be changed during  i s o l a t i o n  ( B a r r e t t ,  1968; 
Dodgson & Lloyd, 1968). Several i n v e s t ig a to r s  a re  now 
employing procedures which minimise the  r i s k  of such 
degrada t ion  ( e .g .  Tsiganos & Muir, 1969 a , b ) .
20
PAJRT 1. TtHG SUB-ITNITS OF G«[EMIO.ALi;r TTfBATlGD TFRCrTECKlLYCjkN 
ISOLATTDD IfRCMW EKXVnWG fLkSAlL CjWRTTLACaS.
l,K_T,_8_0_D_ü..ü_ï_LaJl
S e r a f i n i - F r a c a s s i n i , P e te r s  and P io rean i  (1967) 
suggested t h a t  th e  proteoglycan of bovine n asa l  c a r t i l a g e  
may be made up of su b -u n i t s ,  each c o n s i s t i n g  of a p ro te in  
core a long which severa l  po lysacchar ide  chains were d i s ­
t r i b u t e d ,  This hypo thes is  was based on the  f a c t  t h a t  
groups of amino a c id s ,  in approximately equimolar 
c o n c e n t ra t io n s ,  could be d e te c te d ,  to g e th e r  with s ix  amino- 
end groups, in the  p r o te in  moiety of h ig h ly  p u r i f i e d  
p ro teo g ly can ,
E lec tron -m icroscop ic  s tu d ie s  were c a r r i e d  out on 
pro teoglycan  p re p a ra t io n s  by S e r a f in i - F r a c a s s in i  and Smith 
(1966) us ing  a bismuth n i t r a t e  s t a i n in g  method. They 
showed t h a t  f ragm enta tion  can occur a long the core of the 
macromolecule under co n d i t io n s  in which p r o te o ly t i c  
degrada t ion  cannot be invoked. To in v e s t ig a te  t h i s  
fragm enta tion  under c o n t ro l le d  c o n d i t io n s ,  S e ra f in i -F racas .n n ' t  
(1968) s p l i t  the proteoglycan of bovine n asa l  c a r t i l a g e  by
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t rea tm en t  with  O.IM h y droch lo r ic  acid  in ace tone .  The 
t r e a t e d  m a te r ia l  was shown, by u l t r a c e n t r i f u g a l  a n a ly s i s ,  
to  c o n s i s t  of two fragments c h a ra c te r i s e d  by sedim entation 
c o e f f i c i e n t s  of 2.38 and 8,18 r e s p e c t iv e ly .  The chemical 
composition of the  m a te r ia l  remained e s s e n t i a l l y  unchanged, 
bu t  a red u c t io n  in the  co n cen tra t io n s  of severa l  amino ac ids  
e s p e c ia l ly  ty r o s in e ,  was noted . Amino-end group a n a ly s i s  
showed the  e x is ten ce  of four  N-terminal amino ac id s :  
a s p a r t i c  a c id ,  v a l in e ,  leu c in e  and i s o le u c in e ,  in a molar 
r a t i o  of 1 : 1 : 0 .7 :0 .3 ,  A number-average molecular w e i ^ t  
of 41 000 was derived from t h i s .  The au thor  c lea red  the 
t r e a te d  proteoglycan with N-broraosuccinamide and found th a t  
the  p ro te in  con ten t  was reduced by 30^. Also, the  8.13 
fragment was no longer d e te c ta b le  and the  whole m a te r ia l  
behaved, on u l t r a c e n t r i f u g a t i o n ,  as  a s in g le  2.28 peak with 
a number-average molecular  weight of 33 000 and a xylose 
co n ten t  in agreement with the  presence of two po lysaccharide  
chains .  A model was proposed in which the  molecular u n i t  
of the  proteoglycan was composed of th ree  33 000 molecular 
weight s u b - u n i t s , each c o n s i s t in g  of a polypeptide  core 
and two po lysacchar ide  cha ins .  I t  was suggested t h a t  
these  molecular UTiits were l inked  to g e th e r  in an end to end 
arrangement to form the  n a t iv e  proteoglycan macromolecule.
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Tho o b je c t  of the  fo l low ing  in v e s t ig a t io n  was to 
i s o l a t e  the  two macromolecular sp ec ie s ,  i d e n t i f i e d  by 
u l t r a c e n t r i f u g a l  a n a ly s i s ,  and to determine t h e i r  
physico-chemical param eters  and compositions.
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MAIEBm S ,  __AND ■■METHODS
Iso la tio n  of c a r t ila g e  oroteoglvcan
Chondroiiiucoprotein was extracted  from fresh  bovine
nasal septa by the procedure of Malawista & Schubert (1958),
u sin g  low-speed homogenization, to  reduce "mechanical"
depolym erisation, and coo lin g  the suspension in  a low-
tenperature bath to  prevent the temperature r is in g  above 4^.
The ex tract was then fraction ated  by high-speed cen tr ifu gation
according to  Gerber, Franklin & Schubert (1960). The
proteoglycan was p rec ip ita ted  from the supernatant by
addition  of 2 vo l .  of ethanol, red isso lved  in 0 .5  M-KGi and
centrifuged  a t 78 000 g for  1 hr. A ll m anipulationsav.were carried  out as quickly as p o ssib le  a t 4® to  avoia  
p ro teo ly tic  degradation. A fter alcohol p r e c ip ita tio n , the
protein-polysaccharide complex was d is so lv e d  in 30^ (v/v)
e thanol and an aqueous s a tu ra te d  so lu t io n  of GaCl was
slow ly added w hile the so lu tio n  was v igorously  s t ir r e d .
When a strong tu rb id ity  developed, 1 vo l .  of ethanol was
added and the p r e c ip ita te  c o lle c te d  by cen tr ifu g a tio n ,
washed with ethanol, dried and stored under reduced pressure
over P 0 .2 5
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AQid...ao9l>ong treatment and aicohoi fractionation
About lOg of the m aterial was d isso lv ed  in d i s t i l l e d
water, centrifuged  a t 78 000 g fo r  1 h r . ,  to  removeav.im p u rities, and p rec ip ita ted  by addition of ethanol (2  v o l . )
and potassium a ceta te  (lOg. ) . The p r e c ip ita te  was washed
exh au stively  with anhydrous ethanol, then suspended in 500ml
of O.IM HOI in acetone. The mixture was shaken for 1 hr,
a t room temperature. The supernatent was f i l t e r e d  o ff
and the cake was washed with acetone to remove excess HCl,
then sucked dry on the funnel. (S e r a fin i-P r a c a ss in i, 1968).
The aceton e-treated  m aterial was d isso lved  in d i s t i l l e d
water and the pH adjusted to  7. Ethanol was then slow ly
added to  g iv e  a f in a l  concentration of 75% (v /v ) ,  while  th e
so lu tion  was v igorously  s t ir r e d . The p r e c ip ita te  th at
formed over 12 hr. was renîoved by cen tr ifu ga tion  at
8 000 g fo r  30 min. and discarded. The ethanol con- av.centration  of the sup e rn a tan t  was in c reased  to 85^ (v /v )
and the p r e c i p i t a t e d  f r a c t i o n  recovered by f i l t r a t i o n  on
a te f lo n  f i l t e r  and d r ie d  in a d e s ic c a to r  over P 0 .2 5
Hydrolyses for  ammo acid  a n a ly sis  wore carried  out 
in  sea led  tubes, under N , with c o n s ta n t - b o i l i n g  HCl
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(2 ml./njg, of m ateria l) a t 110^ fo r  24 hr. Acid was 
removed from the hydrolysates in  a rotary film  evaporator 
a t 30^. Amino acid  analyses were carried  out with a 
Teobnicon Auto-A nalyser. Since the samples contained  
large emounts of hexosamines, i t  was found necessary to  
change the b u ffer grad ient to  avoid galactosamin© merging 
with v a lin e . This was done by lowering the pH of the  
f i r s t  b u ffer from 2,075 to  2.750 and by adding to the  
f i r s t  two chambers of the Autograd 5 ml, and 3 ml, 
r esp ec tiv e ly  of methanol.
Amino end-group a n a ly s is  was carried  out by the  
2-chloro-3g 5 -d in itrop yrid in e  method (S ignor, B iondi, 
Terbojevich & P a je tta , 1964), Samples (20-30 mg each)
were d isso lved  in 5 ml. of water in  the reaction  v e sse l of
a Radiometer pH-8t a t  s e t  a t  pH 9 .0 , The m icrosyringe was 
f i l l e d  with 0.25M NaOH and n i t ro g e n  was bubbled througji the
so lu t io n  a g i t a t e d  with a s t i r r e r .  A f te r  the pH had
s ta b i l is e d , 6 ml, of ethanol, co n ta in in g  6.1 mg. of 2-ch loro-3  
5 -d in itro p y r id in e , were added and th e  r e a c t io n  was allowed 
to  proceed f o r  5 h r ,  a t  room tem pera ture .  The so lu t io n  
was then a c id if ie d  to  pH2 with HOI and the excess reagent 
and 2-hydroxy-3, 5 -d in itrop yrid in e  were removed by several
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ex tra ctio n s with eth y l a c e ta te . The d in itrop yrid y i 
m ateria ls were then p rec ip ita ted  by the add ition  of 3 v o l. 
of ethanol and potassium a c e ta te , and washed exhaustively  
with ethanol. The h yd ro lysis  was carried  out with l5m l. 
of co n sta n t-b o ilin g  HCl in sealed  tubes under a t 60^ 
fo r  10 hr. The hyd rolysate, once brought to pH 2 with  
KOH, was exti'acted with s ix  portions (10 ml. each) of ethyl 
a c e ta te . The pooled eth y l aceta te  ex tra c ts  were washed 
tw ice with 5ml. of O.OIN-HCI. The water phase together  
with the acid washings of the eth yl a ce ta te  ex tra cts  were 
taken to dryness and the residue was d isso lv ed  in constant- 
b o ilin g  HCl and hydrolysed, in sealed tubes under N^, a t  
110^ for  24 hr. prior to  amino acid a n a ly s is .
For hexosamines, samples of known weights (approx.
1 mg.) were d is so lved  in  2ml. of 4.5H-HCI and hydrolysed
in  sealed  tu b e s ,  under N , a t  105^ f o r  8 hr. A fte r2h y d ro ly s i s ,  excess of ac id  was n e u t r a l i s e d  and t o t a l  
hexoBamirie was determined by th e  El son & Morgan (1933) 
r e a c t io n  using  the  d i s t i l l a t i o n  procedure of Cessi & 
P ilie g o  (1960). D iffe r e n t ia l determ ination of glucosamine 
and galactosam ine was carried  out by column chromatography 
(P a r t r id g e  & Eledon, 1961).
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Hexuronic acid  was estim ated d ir e c t ly  on unhydrolysed 
so lu tio n s by the method of R itter  & Muir (1962), with 
glucuronic acid  as the standard.
The protein  concentration of g e l f i l t r a t io n  e lu a tes  
was determined by the m icro-biuret method of Itzhaki &
G ill (1964).
A column, 1 .5  cm. x 90 cm., was packed, as described  
by Plodin (1962), with agarose g e l obtained from a com­
m ercial preparation (Bio-Gel A-15m, l(X)-200 mesh; Bio-Rad 
Laboratories, Richmond, U .S .A .). Prior to u se , the packed 
column was eluted  with IM potassium a c e ta te , adjusted to  
pH 7 with a c e t ic  a c id , under the con d ition s of flow rate  
required for subsequent experiments (9 .5  m l./h r .) .  The 
f in a l bed volume was 124 ml. The void volume was determined 
with N arcissus Mosaic Virus and the  ge l  column was c a l i ­
brated by estim ation  of the  e lu tion  volumes of a s e r ie s  of 
p ro te in s  of known Stokes radius. These included: 
bovine thyroglobulln  (Edelboch, 1960), glu tam ic  dehydrogenase 
(Rogers, H©Herman % Thompson, 1965), y e a s t  a lcohol dehydro­
genase (Hayes & V e lick , 1954) and horse  rad ish  peroxidase 
(C ecil & Ogston, 1951). Samples of these standards,
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d isso lved  in IM potassium a ceta te  pH 7, were applied to  
the column in 1 .5  ml, a liq u o ts  for zonal a n a ly s is .
F ractions (1 .5  ml. each) were c o lle c te d , the e ff lu e n t  
being continuously monitored at 260 nm with a base- 
compensating automatic recorder, each fra c tio n  being te s te d  
fo r  i t s  protein  content.
A second column, 2 .5  cm. X 60 cm., was packed with  
a r r o s e  (Bio-Gel A-150m, 100-200 mesh; Bio-Rad L aboratories, 
Richmond, U .S .A .) and eq u ilib rated  with IM potassium aceta te  
pH 7, as described above. The flow ra te  was adjusted to  
12 m l./h r .
Proteoglycan preparations, d isso lv ed  in IM potassium  
a c e ta te , were applied to  tne columns in 1 .5  ml. load s. 
E fflu en t fr a c tio n s  were monitored by determ ination of th e ir  
hexuronic acid  content. 
ki&SomglHL
V isco s ity  measurements were made a t 25^ ^  0 .01 with a 
ca p illa ry  viscom eter constructed a,s described by Fox, Fox & 
Flory (1951). Tne rate  of shear c h a r a c te r is t ic  oî th is
instrum ent, when f i l l e d  with 7 ml. of d i s t i l l e d  water, was
“"1661 sec . Samples of fra c tio n s  1 and 2 (see  RESULTS p .31) 
were d isso lved  in 0.05M-KC1 a t a concentration of approx.
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0 .2  g . /ICO ml. The pH was then adjusted in  the range 
2 .5  - 7 .5  and 7 ml. of each so lu tio n  were p r e ssu r e -f ilte r e d  
in to  the viscom eter through a no. 2 s in tered  g la s s .
QMQffietry
The instrument used was a h i^ -s p e e d  osmometer 
(Hewlett-Packard, P a . , U .S .A .) equipped with B-19 membranes 
(S ch leicher & S ch u ell, Keene, Germany). The constant 
temperature control was se t  a t 20^, A ll osmotic pressure 
measurements were made with a h i ^  concentration of 
d if fu s ib le  e le c tr o ly te . Each sample was d isso lved  in and 
d ia lysed  aga in st 2M-KC1, adjusted to  su ita b le  pH with HCl. 
D ialyses were carried  out fo r  4 days a t 4^, Proteoglycan  
concentrations were determined before and a fte r  d ia ly s is  
by estim ation  of the hexuronic acid content of the so lu tio n s  
and by d if fe r e n t ia l  refractom etry. P rogressive d ilu tio n s
of each sample were prepared and a t  le a s t  four o s m t ic  
pressure determ inations were made for  each concentration . 
B lectron^mi oro scopy
An aqueous so lu tio n  of acetone-treated  proteoglycan  
was sprayed, a t a concentration of approx, 3 ju g . /m l , ,  on 
to carbon-coated g r id s . Once dry, the gr id s were stained  
fo r  10 min. in 0.5^ (w/v) bismuth n itr a te  in O.IN-HNO3
30
(S e r a fim -Fracas s im , Durward & Crawford, 1969), They
were then washed in O.IN-HNO , follow ed by d i s t i l l e d  water,3and dried under reduced pressure in a d esicca to r . 
Micrographs were taken using an AEI EM6B electron  micro­
scope.
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The g e l f i l t r a t io n  data obtained fo r  the four
p rote in s chromatographed fo r  the ca lib ra tio n  of the 4^
agarose column were used in  the elaboration  of the
( - lo g  K ) versus Stokes radius p lo t , according to  av.Laurent & K illander (1964), as shown in  F ig . 6. The 
hig^i io n ic  strength  of the buffer used in  the e lu tio n  of 
the g e l column was intended to avoid adsorption phenomena 
and p a r ticu la r ly  to reduce the rep u lsive  e f f e c t s  among 
f ix e d  charges on the glycosam ino^ycan ch a in s ,in  order to  
maximize the uniform ity of th e ir  e f f e c t iv e  hydrodynamic 
volumes in  a random c o i l  conformation. The e lu tio n  
p r o f ile  of the aceton e-trea ted  proteoglycan on the 4^ 
agarose column i s  shown in F ig . 7. The retarded m ateria l, 
accounting fo r  approx. 55^ of the recovered hexuronic a cid , 
was resolved  in to  two fr a c tio n s  having e lu tio n  volumes of 
70 ml. (fra c tio n  1) and 109 ml. (fra c tio n  2 ) .  These 
values were converted, on the b a sis  of the ca lib ra tio n  
curve shown in  F ig . 6, to the corresponding Stokes ra d ii 
of 134: 1 and 47 A r e sp e c tiv e ly .
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Stoker»  r a d i u s  ( A )
P lo t  c o r r e l a t i n g  th e  e lu t io n  volume and th e  Stokes r a d iu s  of four  p ro te in s  on a 4% agarose  column (bed volume 124 m l , ,  void volume 52 ml.) a t  pH 7. Experimental d e t a i l s  a re  descr ibed  in the t e x t .
1 ~ bovine th y ro g lo b u l ln ,  2 - g lu tamic dehydrogenase,
3 - y e a s t  a lcohol  dehydrogenase, 4 - horse  radd ish  perox idase .
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E lu t io n  of ac id -ace to n e  t r e a t e d  proteoglycan (expressed 
as hexuronic ac id)  with IM potassium a c e t a t e ,  pH 7, from 
a column of 0  agarose (bed volume 124 m l . , void volume 
52 ml. )
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E lu t ion  of ac id -ace to n e  t r e a te d  proteoglycan (expressed 
as hexuronic ac id )  with IM potassium a c e t a t e ,  pH 7, from 
a column of i% agarose .  Void volume 18 ml.
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V isco s ity  number versus pH p lo ts  for fra ctio n  1 ( 0 )  and 
fra ctio n  2 ( Q) a t a glycosaminoglycan concentration of 
0.2% in 0.05M-KC1, 25° and 551 s e c .’*’ shear ra te .
In order to  remove high-m olecular weight sp ecies  
contaminating fra c tio n  1$ as ind icated  by a n a ly tic a l  
u ltra cen tr ifu g a tio n  th at revealed a rap id ly sedim enting  
m aterial (S erafin i-F racassin i^  1968), a prelim inary  
separation was carried  out on the 1% agarose column and 
a bimodal e lu tio n  pattern was obtained (F ig . 8 ) . The 
whole of the second peak (ml. 28 to 55) was rechromatographed 
on ^  agarose and a sim ilar  pattern to th at reported in  
P ig . 7 was obtained, althouj^ the excluded m aterial was 
much reduced.
Fraction 1 (ml. 65 to  85) and fra ctio n  2 (ml. 95 to  
120) were iso la te d  from the e lu a tes  of a s e r ie s  of 
chromatographic separations on 0  agarose a fte r  prior  
p u r ific a tio n  on 1% agarose.
The v is c o s ity  o f the two fra c tio n s  was determined a t
d iffe r e n t hydrogen ion concentrations. F ig . 9 shows such
p lo ts  of reduced v is c o s ity  versus pH. KOI 0.05M was used
as the so lv en t, th is  being an ion ic  concentration a t  which
the viscosi^ty of the proteoglycan has been shown to  be
independent of the amount of s a l t  present in so lu tiona(Luscombe & Phelps, 1967). While fra c tio n  2 gave a normal 
curve over the pH range examined, fra ctio n  1 showed an
n
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F ig u re  11
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C1 53 7 9 11
E x trap o la t io n  of th e  reduced osmotic p re ssu re  
of f r a c t i o n  2 in 2M-KG1, pH 7.
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P la te , 1
Monolayer o f acid-acetone treated  proteoglycan  
sprayed on to a carbon-coated grid  a t a 
concentration of 3 p g ./m l. Bismuth n itr a te  
sta in in g .
Arrows a. in d ica te  long beaded filam en ts
0composed of severa l 30 A p a r t ic le s . Arrows b
point to  short beaded segments composed of 
0three 30 A p a r t ic le s ,  w hile arrows q. point to  
iso la te d  p a r t ic le s .
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Table 3. W m  a£ ld  ana ly se s
Values are expressed as of an hydro- amino acid  per 
10 rng. of ash- and m oistu re-free  samples.
Sample ................ Fraction 1 Fraction 2
Amino acid
Hyp 0 .0 0 .0
Asp 226.1 3 7 .4
Thr 110.1 23.0
Ser 154.2 3 9 .3
Glu 343.4 71.8
Pro 139.5 37.7
Giy 124.0 38 .3
Ala 91.0 23.0
Val 129.5 12.8
Cys 0 .0 0 .0
Met 0 .0 0 .0
l i e 77.1 12,1
Leu 179.5 29,0
Tyr 56 .8 11 .4
Phe 115.1 18.2
Hyl 0 .0 0 .0
Lye 76.3 11 .3
His 37.1 0 .0
Arg l4 0 .3 26.7
T otals 2000.0 392.0
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anonfiaJous curve with a ma j or in f le c t io n  poin t a t pH 4 .9 ,
Concurrently, molecular w e i^ t  determ inations were
carried  out by osmometry on both fra c tio n s  a t pH 7. An
ad d ition a l molecular w e i^ t  determ ination of fra c tio n  1
was performed a t pH 3 .5  as the hydrogen ion concentration
appeared to a f fe c t  the physico-chem ical parameters of th is
macromolecuiar system in so lu tio n . The p lo ts  of the
reduced osmotic pressures ( as fu n ction s of so lu te
concentrations ( c ) ,  reported in F ig . 10, are co n sisten t
with a number average molecular weight of 750 000 for
fra c tio n  1 a t jü 7 and with one of 12? 500 for  the same
fra c tio n  a t pH 3 .6 . A molecular weight of 47 400 was
ca lcu la ted  for fra c tio n  2 (F ig. 11).
P la te  1 shows a ty p ic a l f i e ld  of the monolayer
produced by spraying the aceton e-treated  proteoglycan on
carbon-coated g r id s . Together with long beaded filam ents
(arrows a.), in terpreted  as polymeric forms, both short
, 0segments, composed of three 30 A p a r t ic le s ,  (arrows fe) 
and iso la te d  p a r t ic le s  (arrows c) can be seen.
The amino acid  com positions of fra c tio n  1 and 
fra c tio n  2 are reported in Table 3. Each ammo acid  
concentration was corrected for h yd ro lytic  lo s s e s  by
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Table 4 . QhâmicâA,
Values are expressed as percentages of dry ash -free  
samples.
Sample ..............   Fraction 1 Fraction 2
Protein  20.0 3 .9
Total hexosamine (as free  base) 23 .8  32.1
Glucosamine to galactoaainine
ra tio  1 :4 .8  1:23,1
Table 5. W r g m m  asg^ ysis qL  Enaction 2
Values are expressed as moles of amino acid  per 10 g.
of sample.
l i e  9 .0
Leu 15 ,8
Total 24 ,8
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applying the c o e f f ic ie n ts  reported in a previous paper
(S era fin i-F ra ca ssin i e t  . 1967), The protein  conten ts,
obtained by suamation of th ese  corrected va lu es, are
reported in  Table 4 together with the r e su lts  of a l l  other
chemical an alyses.
The r e s u lts  of the amino end-group determ ination of
fra ctio n  2, reported in Table 5 , show two N-terminal amino
a c id s . The molecular weight ca lcu la ted  from the to ta l6number of moles of N-terminal amino a c id s/1 0  g. of 
proteoglycan i s  40 300, which i s  in keeping with the 
va*iue obtained by osmometry on the same fr a c tio n .
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The conriDîned Information gathered from a n a ly tic a l
g e l f i l t r a t io n  and u ltra cen tr ifu g a tio n  (S era fin i-F ra ca ss in i,
196b) in d ica tes  th at the aceton e-treated  proteoglycan
preparation examined i s  composed of a high-m olecular weight
fra c tio n  and of two d isc r e te  macromolecular sp ec ie s .
The sm aller of th ese  two macromolecular sp e c ie s ,
which behaves as a s in g le  homogeneous fra c tio n  (fra c tio n  2)
during g e l f i l t r a t io n  on 4^ agarose and which corresponds
to the fragment characterized  by a sedim entation c o e f f ic ie n t
of 2 .3  S, has a number average molecular w ei^ it 47 400,
I t s  e f fe c t iv e  hydrodynamic volume i s  expressed by a Stokes 
0radius of 47 A in  IM potassium a ce ta te . The other 
macromolecular fragment, which i s  e lu ted  during g e l 
f i l t r a t io n  on 4^ agarose as fra ctio n  1 , ex h ib its  a Stokes 
radius of 134 A and 122 600 mol.wt. a t pH 3 .5 . These 
physico-chem ical parameters would suggest that the la t t e r  
macromolecules are co n stitu ted  of three m olecules sim ilar  
in s iz e  to the former u n its  and assembled together by an
end-to-end alignment of th e ir  core polypeptides. On the
0b a sis  of th is  s iz e  re la tio n sh ip  on ly , the 47 A-Stokes
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radius fragment w ill  be referred  to as the monomer and 
0the 134 A component as the trim er.
I t  i s  worth n o tic in g , however, that the com positions 
of the two macromolecular sp ec ies  reveal large d ifferen ce s . 
The monomer has a protein  content of #  and a very low 
glucosamine concentration which is  probably a ttr ib u ta b le  
to  a contamination of keratan sulphate. The trim er, on 
the other hand, has a much h i^ e r  protein  content (20^) 
and a glucosamine to  galactosam ine r a tio  of 1 :4 .8 .
S era fin i-F ra ca ssin i (1968) showed the number-average 
molecular w e i^ t  of the chondroitin sulphate chain of a 
sim ilar  aceton e-treated  proteoglycan preparation, cleaved  
by M-bromosuccinimide, to be approximately 19 000 by 
osmometry. Therefore the monomer appears to be con stitu ted  
by two chondroitin  sulphate chains linked by a short 
polypeptide. When the amino acid concentrations of th is  
polypeptide are expressed as number of amino acid residues  
per 47 000 m ol.wt. u n it , 2.1 residues of ser in e  are found 
to be present and presumably engaged in the g ly c o s id ic  
linkage with the glycosaminoglycan chains. Of the four 
N-terminal amino acids previously  detected  in  the acetone- 
treated  proteoglycan (S era fin i-F ra ca ss in i, 1968), only
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two are present in the monomer in d ica tin g  th at a t le a s t  
two d iffe r e n t core polypeptides are assoc ia ted  with 
chondroitin sulphate in bovine nasal c a r t ila g e .
If  i t  i s  assumed th at a l l  glucosamine were derived  
from keratan su lphate, having a chain w e i^ t  of approx.
10 000 (Mathews & C ifo n e l l i ,  1965), the molecular w eight 
of the trim er and i t s  glucosamine content would in d ica te  
the presence of four chondroitin  sulphate and two keratan 
sulphate chains in the same macromolecular u n it . The 
high protein  content of the trimer could then be a ttr ib u t­
able to the keratan sulphate m oiety, th is  being in keeping  
with the fin d in gs of Hoffman, Washburn, Meyer & Bray (1967) 
and Hoffman, Mashbum & Meyer (1967).
Although the presence of keratan sulphate does not 
prevent the core of the proteoglycan from being s p l i t  oy 
the acid-acetone treatm ent, i t  seems to s ta b i l iz e  the 
stru ctu re , in  which i t  i s  involved, to the exten t of 
avoid ing  i t s  complete degradation  to  monomeric forms.
I t  i s  worth n o tic in g  t h a t  f r a c t i o n  1, comprising of 
the t r im e r ,  has a molecular weight of 750 000 as  determined 
by osmometry under co n d i t io n s  s im i la r  to  those used in 
g e l f i l t r a t io n .  Such a value i s  not in agreement with
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th a t which i s  expected considering the Stokes radius of 
the macromolecule, i f  a comparison between fra c tio n s  1 
and 2 can be drawn. However, when osmometric determin­
a tio n s are carried  out a t  pH 3 .5 , the values for molecular 
w e i^ t  and hydrodynamic volume are c o n s is te n t. This can 
be in terpreted  as being due to  the a b i l i t y  of the trim er 
to  undergo aggregation a t neutral pH in s p ite  of the h i ^  
io n ic  strength of the b u ffer  used in  both experiments.
I f  th is  hypothesis, i s  co rrec t, fra ctio n  1, as shown in  
F ig . 7 ,  i s  co n stitu ted  by iso la te d  trim er m olecules in  
equilibrium  with aggregates excluded by the agarose g e l .  
The is o la t io n  of fra c tio n  1 a lte r s  th is  equilibrium ,thus- 
r e su ltin g  in aggregation of free  trim er m olecules u n t il  
a new equilibrium  i s  a tta in ed , un less the process i s  
prevented by low ering the pH,
The v is c o s ity  experiment carried  out on fra c tio n  1 
not only su b sta n tia tes  th is  view but proves the rever­
s ib i l i t y  of the aggregation as the r e s u lt  of a change in  
the hydrogen ion concentration of th e system, with a 
f a ir ly  sharp tr a n s it io n  point between a sso c ia tio n  and 
d isso c ia tio n  a t pH 4 .9 , The increase in asymmetry of 
the macromolecules, revealed by the r is e  in v is c o s ity  of
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the so lu tio n , could be in terpreted  as being due to an 
end-to-end a sso c ia tio n  of severa l trim er m olecules.
A sim ilar  e f f e c t  of so lv en t pH on macromolecular 
aggregation has been reported by H ascall & Sajdera (1969) 
in  th e ir  study of a proteoglycan fr a c tio n , characterized  
by a sedim entation c o e f f ic ie n t  of approx, 20 S, iso la te d  
from bovine nasal c a r t i la g e . These authors demonstrated 
th at aggregation o f the 20 S sub-units i s  in it ia te d  by non- 
covalent in tera c tio n  between proteoglycan macromolecules 
and a s p e c if ic  g lycop rote in . I t  i s  in te r e s t in g  to note  
th a t such a phenomenon i s  occurring both in systems com­
posed of h i^ -m o lecu la r  w e i^ t  complexes and in so lu tio n s  
o f low-molecular w eight proteoglycans, as shown in  the  
present study. The sharp in f le c t io n  p o in t, a t pH 4 .9 ,  
in  the v is c o s ity  curve of the trimer in d ica te s  that 
probably complete io n iza tio n  of the carboxylic gi’oups i s  
necessary fo r  aggregation to occur.
The ex isten ce  o f th e  t r im e r  as a macromolecular 
e n tity  i s  f u r t h e r  supported by the  e le c t ro n  micrograph, 
shown in P l a t e  1, in  which s h o r t  segments composed of
th r e e  e lec t ro n -d e n se  p a r t i c l e s  are  ev ident. The speci-  3f i c i t y  of Bi f o r  glycosarninoglycans, under the  cond i t ions
Figure  12
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Id e a l i s e d  model of t r im er
a. Trimer in f r e e  form. Scored ba r ,  po lypep tide  core; 
A c i r c l e ,  inter-monomer bonds; t r i a n g l e ,  .xylosyl-X
s e r in e  l in k ;  l i n e ,  po lysaccharide  chain,
b. Trimer incorpora ted  in to  the  pro teoglycan  
macromolecule. Symbols as above.
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used during the s ta in in g  of the g r id s , has been shown
0and a co rre la tio n  between each 30 A -p a rtic le  and a doublet 
of polysaccharide chains has been made (S era fin i-F ra ca ssin i 
and Smith, 1966; Smith, P eters and S e ra fin i-P ra ca ss in l,
1967; Seraf in i-F r a c a s s in i, Durward and Crawford, 1969).
0Moreover, in th is  e lectro n  micrograph the 60 A period  
along the segments i s  s t i l l  present which i s  in keeping 
with e a r lie r  observations on the n ative  proteoglycan  
(S era fin i-F ra ca ssin i & Smith, 1966) and with the Mathews 
& L ozaityte (1958) model for  chondrorrucoprotein.
In F ig . 12, models for  the trimer both in free  and 
polymerised form are shown. I f  the arrangement depicted  
in  the diagram i s  repeated co n s is te n tly  along the macro­
m olecule, a double-stranded protein  core would r e s u lt .
This i s  in conformity with previous observations regarding  
the molecular w e i^ t ,  89 000 (S e r a fin i-F r a c a ss in i, P eters  
and F lorean i, 1967) and len g th , 1,100 - 1,500 A (S era fin i-  
F racassin i and Smith, 1 9 6 6 ),of the protein  core of a 
proteoglycan preparation. An average amino acid  residue  
weight of 106 in d ic a te s  that such a protein  core i s  com­
posed of about 850 amino a c id s . Assuming an a x ia l 
tra n sla tio n  of 3 .3  A per amino acid  resid u e, the length
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of a s in g le  chain cor© would be approximately 2,800
Thus a t r ip le  chain, or more e sp e c ia lly  a double-chain
core would be more in  keeping with the macromolecular
0length of 1,100 - 1,500 A than one c o n s is tin g  of a s in g le  
chain of amno a c id s .
The is o la t io n  of two d is t in c t  macromolecular sp ec ies  
a fte r  acid-acetone treatment of c a r tila g e  proteoglycan  
im plies the ex isten ce  of la b i le  bonds p er io d ica lly  
d istr ib u ted  along the core oî the n a tiv e  complex. Although 
the m aterial examned underwent chemical treatm ent, th is  
study suggests th a t monomer and trimer could represent true  
sub-units of the protein -polysaccharide complex of bovine 
c a r t ila g e .
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1. The l ig h t  fra ctio n  of the proteoglycan of
bovine nasal c a r t ila g e  was s p l i t  by treatment with
O.lN-HCl in acetone. The products were separated by
g el f i l t r a t io n  on A f agarose and two retarded fra c tio n s
were detected  and iso la te d . These two fra c tio n s  were
0 0found to have a Stokes radius of 134 A and 47 A resp ect­
iv e ly , as determined by ca lib ra tio n  of the column aga in st  
protein s of known hydrodynamic volumes,
2. The 47 i - f r a c t io n  had a protein  content of A%
and 8. glucosamine to galactosam ine r a t io  of 1:23. The
0134 A -fraction  had a protein  content of 20% and a 
glucosamine to galactosam ine ra tio  of 1 :4 .8 ,
3. V iscom etric stu d ies  on both fr a c tio n s  showed 
that the 134 A -fraction  alone exh ib ited  the property of 
undergoing r e v e r s ib le , pH-dependent aggregation with a 
tr a n s it io n  poin t a t pH 4 .9 ,
4. I t  was concluded th at these fra c tio n s  could  
represent sub-units of the n ative  c a r t ila g e  proteoglycan.
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PART 2. THE IDENTIFICATION, IN VIVO, OF THE mCROMOlECULAR
SUB-UNITS OF CARTILAGE PROTEOGLYCAN.
I N T R O D U C T I O N
I t  was suggested in P a r t  1 t h a t  the  n a t iv e  proteoglycan 
of bovine n asa l  c a r t i l a g e  i s  composed of severa l  su b -u n i ts  
assembled to g e th e r  in  a l i n e a r  arrangement and l inked  
t h r o u ^  a c i d - l a b i l e  bonds.
I f  t h i s  hypo thes is  i s  c o r r e c t ,  chondrocytes would 
sy n th es ize  in  t h e i r  endoplasmic r e t i c u l a ,  glycosaminoglycan- 
p ep t id es  of low molecular  w e i ^ t .  These could then be 
d i r e c t l y  re le a se d  in to  the  e x t r a c e l l u l a r  m atr ix  where 
po lym erisa t ion  would take  p lace .  Conversely, po lym erisa t ion  
could occur i n t r a c e l l u l a r l y ,  geared to the  b io sy n th e s is  of 
the  var ious  components, th e  product be ing  excre ted  in the  
form of a high molecular w e i ^ t  rnacromolecule.
In P a r t  2, the  molecular w e i ^ t  d i s t r i b u t i o n  p a t t e r n s  
of g lycosam inoglycan-contain ing  complexes, e x t ra c te d  from 
r a b b i t  ear  c a r t i l a g e ,  were examined to  a s c e r t a in  whether 
low molecular weight macroraolecules, s im i la r  to those  
obtained by chemical means, could be i d e n t i f i e d  as i n t e r ­
mediates of proteoglycan b io s y n th e s i s .  To f a c i l i t a t e
54
t h i s  s tudy, use was made of th e  so c a l l e d  "donkey phenomenon" 
of r a b b i t  e a r s ,  which can be induced by the  a d m in is t r a t io n  
of crude papain.
In 1956, Thomas rep o r ted  t h a t  an In travenous in j e c t i o n  
of crude papain in r a b b i t s  caused, w ith in  a few hours ,  lo s s  
of the  normal r i g i d i t y  of c a r t i l a g e  to  such an e x te n t  t h a t  
the  ea rs  of the  animals co l lap sed .  C a r t i la g in o u s  t i s s u e s  
in a l l  p a r t s  of the  body were found to  have l o s t  t h e i r  
normal degree of b a s o p h i l ia  and metachroma-sia, and, in the  
ear  c a r t i l a g e ,  much of the  a c tu a l  substance of the  m atr ix  
d isappeared ,  le a v in g  a shrunken c a r t i l a g e  p l a t e  with normal 
appearing  chondrocytes packed s ide  by s id e .  Within two or 
th r e e  days, th e  m a tr ix  was r e s to r e d ,  and the  ea rs  were again 
u p r i ^ i t .
Apart from the change in c a r t i l a g e  m atr ix ,  no o th e r  
l e s io n s  were encountered in th e se  animals ,  although K ellner  
and Robertson (1954), u s in g  l a r g e r  doses, had p rev ious ly  
descr ibed  n e c r o t i z in g  changes invo lv ing  the  myocardium 
fo l low ing  in travenous  papain . The only evidence of 
inconvenience to  the  animals was r e s p i r a t o r y  d i f f i c u l t y  
in some, a t t r i b u t a b l e  to p a r t i a l  co l la p se  of the  softened 
t r a c h e a  and b ro n ch ia l  tubes .  No h i s t o l o g i c a l  evidence
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of damage or lo s s  of metachromasia in  connective  t i s s u e
o the r  than c a r t i l a g e  m atr ix  was found.
The d isappearance of metachromatic m atr ix  became
ev iden t  in  th e  c a r t i l a g e  p l a t e s  of ear and t rac h ea  w ith in
3 or 4 hours a f t e r  papain , b u t  the epiphyseal p l a t e s ,  which
seemed much more v u lne rab le  to  the  e f f e c t ,  were found by
Westerborn (1961) to show dep le t ion  as e a r ly  as 10 minutes
a f t e r  I n j e c t io n .
Biochemical evidence f o r  the  r e l e a s e  of chondro i t in
su lpha te  from c a r t i l a g e  in to  the  c i r c u l a t i n g  blood was
obta ined by employing d i r e c t  assays f o r  glycosaminoglycans
in  the  blood or u r in e ,  or measuring the r e l e a s e  of o
from p rev ious ly  l a b e l l e d  c a r t i l a g e  (Bryant,  Leder h S t e t t e n ,
1958; T s a l t a s ,  1958; P o t t e r ,  McGluskey, Weissmann &
Thomas, 1960). Radioautographs of ear  c a r t i l a g e  showed 
35d e p le t io n  of S w ith in  4 hours a f t e r  papain .
The a c t i v e  p r in c i p l e  in papain was found to be the  
c r y s t a l l i z a b l e  papain p ro te in a se  o r i g i n a l l y  i s o la te d  by 
Kimmel & Smith (1957), Experiments with  p u r i f i e d  p ro te in a se  
f a i l e d  to  produce the  expected phenomenon but i f  th e  enzyme 
were in j e c te d  in  i t s  ox id ised ,  in a c t iv e  s t a t e  i t  was shown 
to  be h ighly  a c t iv e  on c a r t i l a g e  (McGluskey & Thomas, 1958).
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I t  was a l so  r a p id ly  e f f e c t i v e  when in a c t iv a te d  by d i a l y s i s  
or  by the  a d d i t io n  of a n t i - t h i o l  substances  such as 
parachlorom ercuribenzoate .  Findings sugges t  t h a t  a c t iv a te d  
papain i s  p revented  from reach ing  c a r t i l a g e  by i t  becoming 
r a p id ly  bound to  serum p r o te in s ,  perhaps as s u b s t r a t e ,  and 
thus i t  f a i l s  to  leave  th e  c i r c u l a t i o n  (P o t te r  a t  a l , 1960). 
There a lso  must e x i s t  a reducing  system of some s o r t  in  
c a r t i l a g e  to r e s t o r e  the a c t i v i t y  of in a c t iv e  papain once 
i t  has ga ined  access  to  the t i s s u e .
Thus, th e re  i s  a v a i l a b le  an experimental model in which 
a po ten t  p ro te a se  can c i r c u l a t e  in the  blood in i t s  
a c t iv a t e d  form and cause no t i s s u e  damage, while  the  in a c t iv e  
(and th e re fo re  en zy rm tica l ly  un d e tec tab le )  form of the  same 
enzyme can produce, s e l e c t i v e l y ,  widespread d i s i n t e r g r a t i o n  
of a p a r t i c u l a r  t i s s u e .
The i n h i b i t i n g  a c t io n  of c o r t i so n e  on the  sy n th e s is
of glycosaminoglycans in connective t i s s u e  has been s tu d ie d
by severa l  i n v e s t ig a t i o n s .  Layton (1951) found t h a t
36co r t i so n e  reduced the  f i x a t i o n  of in the  akin of r a t s ;  
t h i s  was confirmed by Bostrbm & Odeblad (1953), who found 
the  same e f f e c t  in c o s ta l  c a r t i l a g e .  I t  was l a t e r  shown 
t h a t  the i n h i b i t i o n  of su lpha te  in co rpo ra t ion  was based on
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impaired sy n th e s is  of the  e n t i r e  glycosaminoglycan
molecule ( S c h i l l e r  & Dorfman, 1957).
When c o r t i so n e  was adm inis tered  d a i ly  fo l low ing  a
sing-Le in j e c t i o n  of papain i t  was found t h a t  the  t i s s u e
remained in  i t s  dep le ted  s t a t e  fo r  as  long as  four  weeks
(Thomas, 1956; McGluskey & Thomas, 1959). This in h ib i t i o n
was demonstrated to be due to a d i r e c t  a c t io n  of c o r t i s o n e
on c a r t i l a g e .  I n t r a - a r t i c u l a r  in j e c t i o n s  of small doses
of p redn iso lone  prevented  recovery of th e  a r t i c u l a r  c a r t i l a g e
35in  t h a t  j o i n t ,  and a lso  in h i b i t e d  the  lo c a l  uptake of 3 
w ithout a f f e c t i n g  the  c a r t i l a g e  in o th e r  a reas  (McClusicey & 
Thomas, 1959).
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MATERIALS AND METHODS
Treatment of animals fo r  experiments and preparation  
2t_G&rtilage
A group of 40 New Zealand albino ra b b its , 6-8 weeks 
old and each weighing la s s  than 1 k g ., were in jected  in  
the marginal ear vein  with 1 ml. of a 2% (w/v) aqueous 
so lu tio n  of crude papain (Thomas, 1956), B a cter ia -free  
papain so lu tio n s were obtained by f i l t r a t io n  th rou ^  50 
rr^  f i l t e r s .  C ortisone a ceta te  was then adm inistered  
intram uscularly, in the dose of 5 n g ./k g . body weigjit 
(Thomas, 1956), immediately a fte r  the papain in jec tio n  
and th erea fter  a t  24 hr. in te r v a ls . This cortison e  
treatment was required to suppress c a r tila g e  proteoglycan  
b io sy n th esis  (Asboe-Hansen, 1954; Thomas, 1956; McGluskey 
& Thomas, 1959) u n t il  complete elim ination  of degraded 
proteoglycans, produced by papain action  (Brye.nt, Leder & 
S te tten , 1958; Muir, 1958; T sa lta s , 1958; Weissman, 
P o tte r , McGluskey & Schubert, 1959) was achieved.
Therefore ,  concurren t  experiments were c a r r i e d  ou t to  
a.ssesB the  time re q u ire d  f o r  the  serum glycosaminoglycan  
co n ten t ,  inc reased  by the  papain-induced lo s s  of c a r t i l a g e
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components in to  th e  blood stream (Bryant e t  a i .  1958;
Muir, 1958; T s a l t a s ,  1958; Weissman e t  &1. 1959; O ro s t i ,  
Catchpole & P i r a n i , 1963), to  r e tu rn  to  c o n t ro l  l e v e l s .
For t h i s  purpose, 3 groups of 3 New Zealand a lb ino  r a b b i t s  
were used. The f i r s t  group was kep t  as a c o n t ro l .  The 
r a b b i t s  in  the  second group were in j e c te d  in t ravenous ly  
with a 2^ (w/v) so lu t io n  of albumin and those  in the  t h i r d  
group with papain , as  descr ibed  above. All th ree  groups 
were then t r e a t e d  with  c o r t i so n e  a c e t a t e  a t  24 h r .  i n t e r v a l s .  
The r a b b i t s  were b led  before  albumin or papain a d m in is t r a t io n  
and t h e r e a f t e r  every 24 h r .  Sera were analysed fo r  
glycosaminoglycan co n ten t  by the  method of Weissman e t  al,. 
(1959).
Since t h i s  experiment in d ica te d  t h a t  f i v e  days were 
s u f f i c i e n t  to  r e s to r e  th e  serum glycosaminoglycan le v e l  
to  normal va lues  (see RESULTS, P i g .18),  the  co r t i so n e  
trea tm en t  of th e  40 p a p a in - t r e a te d  animals was d iscon t inued  
a f t e r  t h i s  time and the  r a b b i t s  were s a c r i f i c e d ,  in groups 
of te n ,  a t  r e s p e c t iv e ly  36 h r . , 40 h r , , 48 h r ,  and 72 hr .  
a f t e r  the  l a s t  c o r t i s o n e  in j e c t io n .
The oar c a r t i l a g e ,  quickly  f reed  from surrounding 
t i s s u e ,  was d r ied  in cold acetone and ground to  a f in e  
powder.
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T h ir ty  r a b b i t s  were t r e a t e d  with papain and co r t i so n e
as  descr ibed  above. Each animal was then in je c te d  in t r a -
3 bp e r i t o n e a l l y  with 2 me of rad io  su lp h a te ,  as  Na^ *'80^ in 
w a te r ,  40 h r .  a f t e r  th e  l a s t  c o r t i so n e  a d m in is t r a t io n .
The animals were then sacrificed , in groups of te n ,  after  
30 mln., 1 hr. and 5 hr, and the ear C8.rtilage was removed, 
dried and ground.
I W .a t l o j i _aM__mrlfiaQ^^ - of c a r t i l a g e  p ro teog lycan
The pro teoglycan  was ex t ra c te d  from the  ace to n e -d r ied  
powder of ear  c a r t i l a g e  e s s e n t i a l l y  as descr ibed  by 
Malawista & Schubert (1958), bu t  u s in g  low-speed homo­
g e n iz a t io n .  The c a r t i l a g e  suspension in  d i s t i l l e d  water 
(5 g. in  200 m l . ) was cooled in a low-tem perature  bath and 
e x t r a c t io n  was c a r r i e d  out f o r  a few minutes a t  a time, f o r  
a t o t a l  of 1 h r . , to  p revent  the tem perature  r i s i n g  above 
4^. The f i n e  homogenate was c e n t r i fu g e d  a t  2 000 g f o r  
1 h r .  and the  su p e rn a tan t  f r a c t i o n a te d  by h igh-speed  
c e n t r i f u g a t io n  (Gerber, F rank lin  % Schubert,  1960). The 
proteoglycan contained in the superna tan t  was c o l l e c t e d  by 
e thanol p r e c i p i t a t i o n  and s to red  under reduced p ressu re
over P 0 .2 5
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The c a r tila g e  fragnents, remaining a fte r  proteoglycan  
ex tra ctio n , and the residue of the h i^ -s p e e d  cen trifu gation  
were pooled, dried and re-ex tracted  as fo llo w s . A liquots,
10 g. each, were suspended in 400 ml. of 2M-MgOl  ^ contain ing  
1% (w/v) cetylpyridinium  ch loride and homogenized a t 50*^  
fo r  1 hr. A fter cen tr ifu gation  a t 3B 000 g^^ fo r  1 hr. 
a t 40^, the c lear supernatant was d ilu ted  with d i s t i l l e d  
water to g ive a concentration of O.QA-MgPlg (S co tt, 1960).
The p r e c ip ita te  th a t formed during 12 hr. was c o lle c te d  by 
f i l t r a t io n  on a c e l lu lo s e  f i l t e r  pad. The pad was washed 
with O.&n-MgCl ana then eluted  with 200 mi., of 2M-MgQl  ^
a t 40^, Cetylpyridinium  ch loride was d isso c ia ted  from 
the complex and extracted  by shaking the so lu tion  with 
5 vol.  of chloroform—n— pentan-l«ol (5 :4 , v/v) (S co tt, 1960) 
a t  room temperature. The complete removal of ce ty lp y r i­
dinium ch lo r id e  from the aqueous phase was shown 
spectrophotom etrically by the  d isappearance of i t s  
c h a r a c t e r i s t i c  . Five volumes of ethanol were then
added to the s o lu t io n  and the  proteoglycan c o l le c te d  by 
c e n t r i f u g a t io n ,  washed with acetone, d r ied  and stored in
a d e s ic c a to r  over P 02 h
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The h y d ro ly s is  f o r  hexosamine a n a ly s i s  was c a r r i e d  
out in  4.5N-HC1 (2 ml./mg. of m a te r ia l )  a t  100^ fo r  8 h r .  
under Ng in sea led  tu b e s .  Excess of ac id  was n e u t r a l iz e d  
and t o t a l  hexosamine was determined by the  method of 
Cessi & P i l i e g o  (I960) .
Q u a n t i ta t iv e  de te rm ina t ion  of hexuronic ac id  was 
performed by the  method of B i t t e r  & Muir (1962), with 
g lucuron ic  ac id  as  th e  s tandard .
Sulphur was determined by the  method of Giellrnan & 
Tolg (1960).
Total hexoses were es t im ated  by th e  method of S c o t t  
& Melvin (1953).
Q u a n t i ta t iv e  de term inat ion  of p ro te in  was c a r r i e d  
out by the  m ic ro -b iu re t  method of I tzhak !  & G i l l  (1964).
In f ra red  abso rp t ion  sp e c t ra  of the samples were 
obta ined on a Unicam ^OOG in f r a re d  reco rd in g  sp ec tro ­
photometer, u s in g  Nujol mulls .
Gel f i l t) ra t ion_
The two columns, a l ready  described  in P a r t  1, were 
used. Samples (^0 mg,) were d isso lved  in 1.5 ml. of
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IM potassium a ceta te  and 3 ml. fra c tio n s  were c o lle c te d  
from the columns, The e ff lu e n t  fra c tio n s  were monitored 
for  proteoglycan by determ ination of th e ir  hexuronic acid  
content.
F ractions c o lle c te d  a fte r  gel f i l t r a t io n  of the 
proteoglycan preparations iso la te d  from radiosulphate- 
treated  rabb its were em ulsified  in s c in t i l la n t  and counted 
in  a Nuclear Chicago MKl s c in t i l la t io n  counter a t 4^. 
A liquots of 0 ,5  ml. were removed from each fra c tio n  and 
mixed with 5 ml. of the counting mixture which consisted  
of toluene—Tri ton-X—1(X)—ethanol (8 :4 :3 , v /v /v ) and 
contained 0.4^ (w/v) PPG and 0.01^ (w/v) POPOP (Patterson  
& Greene, 1965).
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The re lea se  of chondroitin  sulphate in to  the blood  
stream of the papain-treated  rabbits was q u a n tita tiv e ly  
monitored over a period of 96 hr. The glycosaminoglycan  
blood le v e ls  observed in the present study (F ig , 13) were 
b a s ic a lly  id e n tic a l to those previously  reported, under 
sim ilar  experimental con d ition s, by Bryant, Leder &
S te tten , (1958). Normal le v e ls  were restored  a fte r  
approx. 72 hr. I t  has been demonstrated th at maximum 
dep letion  of c a r tila g e  matrix occurs 12 hr. a fte r  papain 
in jec tio n  and th at the c e l lu la r  b io sy n th etic  a c t iv i ty  
normally s ta r ts  compensating for  lo s s e s  a fte r  further  
12 hr. (T sa lta s , 1958). To avoid contamination of newly 
synthesized proteoglycan with enzymic degradation products 
s t i l l  present in  the t is s u e , papain-treated  rabbits were 
kept under cortison e tr e a tw n t  for  f iv e  days.
The y ie ld s  of the preparations extracted  from control 
and papain-treated c a r t i la g e s , by homogenization with e ith er  
water or cetylpyridinium  ch lor id e, are reported in Table 6. 
The r e s u lts  of chemical analyses on se lec te d  preparations 
are summrized in Table 7. The w ater-extracted  preparations 
were further analyzed by infrared spectroscopy and prominent
jlbands were observed a t 725, 852 and 930 cm.
F ig u re  13
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Table 6. E xtraction y ie ld s
Values are expressed as n ^ ./g . of dry c a r t ila g e .  
Sample ..................
Time elapsed  a fte r  cortison e in je c tio n
Control
36 hr.
40 hr.
48 hr.
72 hr.
waterextractedm aterial
5 .15
8 .78
8.50
6.60
5.83
cetylpyridiniumextractedm aterial
36.62
26.95
27.42
31.37
35.80
Table 7. GMw.W...
Values are expressed as percentages of ash and moisture' 
fr e e  samples.
Sample water extracted  m aterial 0 e tylpyridinium  extracted  m aterial
Control 36 hr. Control 36 hr.
Protein 40.01 43.78 17.25 17,30
Hexosamine (as free  bass) 0 .55 6 .84 24.11 24.06
Hexuronic a.cid 8.21 6.67 19.92 19.67
Hexose(as g a la c to se) 31,29 31.64 6.20 6.17
Sulphur 0 .9 6 0 .77 4.30 4 ,2 6
Figure 14
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S p e c i f ic  a c t i v i t i e s  of th e  hexuronic a c id -c o n ta in in g  im te r i a l s  e x t ra c te d  with water  from th e  ear  c a r t i l a g e  of r a b b i t s  t r e a t e d  with  papain and 'subsequently in je c te d  with Na^^ SO , The experimental chromatographic cond it ions  a re  ^ 4i d e n t i c a l  to those  repo r ted  in the legend to  F ig .  14,
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Tlie e lu tion  p r o f i le s  of the water-extracted hexuronic 
acid-contain ing  material on agarose are reported in 
P ig . 14. The time indicated in each section  of the 
f ig u re  re fers  to the time elapsed between the l a s t  cortisone  
in je c t io n  and the s a c r i f ic e  of the animals. The area 
under each peak was integrated  and the values obtained are 
reported above the corresponding fr a c t io n s .  These values  
represent the amount of each macromolecular species  present 
in  the t i s s u e ,  on a dry-weight b a s is .
The cetylpyridiniurn-extracted proteoglycan behaved as 
an excluded fra c t io n  when chromatographed on both 4^ and 
1^ agarose.
The r e s u lt s  of the radiosulphate incorporation in to  
the water-extracted material are reported in Pig, 15.
The time indicated  in each section  now re fer s  to the t i
35 ' 2-elapsed between the in jec t io n  of SO^  and the s a c r i f ic e  
of the animals.
The proteoglycan extracted by cetylpridinium  chloride  
showed no s ig n if ic a n t  rad ioactive la b e l incorporation in 
tho 30 min. and 1 hr. experiments. A fter 5 h r . ,  a s p e c if ic  
a c t iv i t y  of 3 000 counts/min./mg. of hexuronic acid , 
sim ilar to that of the excluded fraction  of the water- 
extracted m ateria l, was found.
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Following the work of Gross, Mathews & Dorfman (1960) 
on the b io syn th esis  of the chondroitin 4 - sulphate-protein  
complex in c a r t i la g e ,  other reports have shown that th e  
protein  and the glycosaminogiycan m oieties  of th is  complex 
are synthesized simultaneously (Gampo &. Dziewiatkowski,
1962; T elser , Robinson & Dorfman, 1965; de la  Haba & 
H oltzer, 1965). However, the question i s  s t i l l  open on 
whether chondrocytes produce a continuous protein core, 
to which some 20 to  60 polysaccharide chains are covalently  
bound (Mathews & L oza ity te , 1958; Partridge, Davis & Adair, 
1961; Meyer, 1966; S erafin i-P racass in i & Smith, 1966; 
Luscombe & Phelps, 1967; S era fin i-P ra ca a s in i, Peters & 
P lorean i, 1967), or whether smaller glycosaminogiycan- 
peptide sub-units are independently synthesized and then 
polymerized at a la te r  stage.
To gain an unders tand ing  of t h i s  aspect of the  
c a r t i l a g e  b io s y n th e t ic  mechanism, i t  was necessary to  
analyze the  molecular weight d istr ib u tio n  p a t t e r n  of the 
complexes p re s e n t  in the t i s s u e ,  w ith in  the  molecular weight 
range in which sub-units were expected to  be found (see 
P a r t  1 ) .
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Estimation of the number of components and th e ir  r e la t iv e  
amounts in such an heterogeneous system was achieved by 
a study of the e lu tion  p r o f i le s  of c a r t i la g e  ex tracts  on 
a calibrated  agarose column, as previously  described in  
Part 1.
The c a r t i la g e  examined in the present in v estig a tio n  
contained 3^ hexosamine, on a d r y -w e i^ t  b a s is ,  th is  value 
being in keeping with that recently  reported by Bentley & 
Rokosova (1970), which would imply a glycosaminogiycan 
content of approx, 84 rag./g. of dry c a r t i la g e .  Only 
approx. 1.4^ of th is  material was extracted by low-speed 
homogenization in water, w hile the y ie ld  was increased to  
approx« 30^ by further extraction  with cetylpyridinium  
ch lor ide. Equally low y ie ld s  have been previously  
reported (T sa ita s , 1958).
The composition of the water-extracted material 
showed hexosamine, hexuronic acid and sulphur contents 
compatible with the presence of chondroitin su lphate,
contaminated by p ro te in  and o the r  carbohydrate(s),
-1Pz'ominent bands a t  725, 852 and 930 cm. in the  in f r a re d  
spectrum in d ic a te d  t h a t  the  isomer was chondro i t in  
4 - su lphate  (Mathews, 195A; Hoffman, Linker & Meyer, 1958), 
although chondroitin 6 - sulphate i s  a lso  known to be present
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in  the t is s u e  (Bryant e t  § 1 . ,  1958; Bentley k  Rokosova, 
1970). About 86^ of th is  hexuronic acid contain ing  
material was retarded on 4^ agarose revea lin g  the presence 
of four low-molecular w e i ^ t  fra c t io n s  having e lu tion  
volumes of 72 ml. ( fra c t io n  1 ) ,  92 ml. ( fra ctio n  2 ) ,
109 ml. ( fra c t io n  3) and 125 ml. ( fra c t io n  4 ) .  In Part 1 
a re la t io n sh ip  was shown between the e lu tio n  volumes, 
hydrodynamic volumes and molecular w e i^ t s  of proteoglycans  
of sim ilar compositions and since fra c t io n s  1 and 3 co­
chromatographed with the two preparations previously  
in v estig a ted , molecular weights of approx, 122 000 and 
47 000 were r e sp e c t iv e ly  assigned. The molecular weight 
of fra ctio n  2 was estimated to be approx. 82 000 by 
in terp o la t io n . As previously  d iscussed (see  Part 1 ) ,  
the macromolecules ex h ib itin g  a molecular weight of 47 000 
are probably con stitu ted  by two glycosaminogiycan chains 
linked to a short protein core and s ince  they embody the  
basic structural fea tu res  of the proteoglycan macromolecule, 
they have been considered to be monomeric sub-units.
On these  grounds, the o th e r  two macromolecular sp ec ie s ,  
revea led  by ge l f i l t r a t i o n ,  could be in t e r p r e t e d  as dimeric 
and trim eric  sub-un its . I t  i s  worth n o t i c in g  t h a t  while
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the dimer was never detected a fter  treatment of c a r t i la g e  
proteoglycan with acid acetone (S era fin i-F ra ca ss in i, 1968;
Part 1 ) ,  i t  appeared to be present in qu ite  appreciable  
amount in the in ta c t  t i s s u e .
The proteoglycan extracted with cetylpyridinium  
chloride was almost completely excluded both on 4% and i% 
agarose in d ica tin g  that the low-molecular w e i^ t  fra c t io n s  
were completely removed by homogenization in water. The 
quantitative  values reported for  these fra c t io n s  therefore  
represent true percentages of the c a r t i la g e  dry w e i^ t .
I t  has been reported that depletion  of the ca r t i la g e  
matrix by papain action  enhances chondrocyte b iosyn th etic  
a c t iv i ty  towards glycosaminogiycan production both Jjq. vivo  
and in vitr o  (M cSlligott & P otter , 1960; M cElligott, 1962; 
Fitton  Jackson, 1967; Guri & Bernstein, 1967; Bosmann, 1968) 
As c le a r ly  demonstrated by the e lu tion  p r o f i le s  of the 
proteoglycan extracted from papain-treated animals, monomer, 
dimer and trimer were a l l  increased in concentration when 
compared with con tro ls . This r ise  in sub-units le v e ls  
took place as soon as the cortisone treatment was discon- 
tinued, and reached a maximim a fter  40 hr. At 72 h r , , 
values approaching those typ ica l of contro ls  were detected .
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Meanwhile, the excluded fra c t io n , representing a highly  
polymeric proteoglycan, increased s te a d ily  from a s ta r t in g  
value of approx. 50^ of the control l e v e l .
These changes in the t i s s u e  concentrations of the 
excluded material and of the low-molecular weight fr a c t io n s ,  
id en tic a l in s iz e  to those found in  the control ca r t i la g e  
ex tract , make i t  u n lik e ly  th at the la t t e r  represent merely 
enzymic degradation products. However, further and more
Qpr 2 »conclusive evidence i s  furnished by the incorporation
experiments conducted with papain-treated rabbits 40 hr. 
after  the l a s t  cortisone in je c t io n , when sub-unit l e v e l s  
were a t  a maximum. The fa c t  that no r a d io a c tiv ity  was 
detectab le  in the cetylpyridinium -extracted m aterial, 
representing 30^ of the t is s u e  proteoglycan, during the 
30 min. and Ihr. experiments, ca sts  doubt upon the 
p o s s ib i l i t y  that the changes in r a d io a c tiv ity  between the 
four retarded fra c t io n s  could have arisen from breakdown 
of large protein-polysaccharide macromoiecuies.
Furthermore, sulphate incorporation started  from the low 
end of the molecular weight d is tr ib u tion  p r o f i le  and 
r a d io a c tiv ity  was slowly transferred to monomer, dimer and 
trimer in a step -w ise  manner. In the 5 hr. experiment,
75
label was detected in the excluded fraction of the water- 
extracted material and in the proteoglycan extracted by 
cetylpyridinium chloride. If degradation did in fact occur 
in tlie tissue, the opposite pattern of label incorporation 
would have been obtained.
At present, characterization of fraction 4, which 
showed a very rapid rate of radiosulphate incorporation, 
has not been achieved, th is being mainly due to contamin­
ation of the hexosamine-containing material with protein 
and enthrone-reacting compounds. However, it s  low 
molecular w ei^ t indicates that i t  probably consists of 
chondroitin sulphate biosynthetic intermediates.
These observations suggest that the macromolecular 
species referred to as monomer, dimer and trimer represent 
proteoglycan sub-units normally present in the tissue at 
a very low'concentration. From the information which is  
at present available, their implication in the biosynthesis 
of the hi^-molecular w ei^ t cartilage protein-polysaccharide 
is  speculative since no direct evidence of trimer 
polyaierization into larger macroraolecules has been obtained, 
apart from the detection of radiosulphate in the excluded
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fraction  a t  the same time of i t s  incorporation into the  
trimer but with lower s p e c i f ic  a c t iv i t y .
If  polymerization of trim eric sub-units does take 
p lace , i t  remains to be seen whether i t  i s  occurring  
in tr a c e l lu la r ly  or in the ex tra ce llu la r  matrix. Since  
i t  has been demonstrated that newly e s t e r i f i e d  chondroitin  
sulphate i s  secreted  from the chondrocytes about 30 min. 
a fte r  radiosulphate adm inistration in  vivo (Godman & Lane, 
1964), i t  cannot be excluded that e ith er  the trimer or i t s  
precursors are the f in a l  products of c e l lu la r  b io sy n th esis .
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1. Proteoglycans extracted from rabbit ear ca r t i la g e  
were analyzed by g e l f i l t r a t i o n .  A h i ^ l y  polymeric 
m aterial was id e n t if ie d  together with four retarded  
fr a c t io n s ,  three of which were found to have molecular 
w e i^ t s  of 122 000 , 82 000 and 47 000 r e sp e c t iv e ly .
These were considered to represent tr im er ic , dimeric and 
monomeric sub-un its .
2. After dep letion  of the glycosaminoglyeans in the  
ca r t i la g e  matrix, by papain treatment, and cortisone  
suppression of c e l lu la r  b io sy n th etic  a c t iv i t y  for  f iv e  
days', the t i s s u e  concentrations of monomer, dimer and 
trimer were found to  have r isen  w ell above control l e v e l s  
and to have reached a maximum 40 hr. a f te r  the l a s t  
cortisone in je c t io n .  They then slowly reverted to normal 
values. On the other hand, the amount of extracted poly­
meric proteoglycan increased throu^ out the time in terva l  
in v est ig a ted .
d in jected  into papain-treated rabbits
when sub-unit l e v e l s  were a t th e ir  maximum. Label was 
transferred from mnomer to polymer through the other 
two sub-un its .
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4# It was concluded that the sub-units of fractions 1,2 and 3 
could represent true biosynthetic intermediates and not enzymic degradation 
products#
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